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ABSTRACT Monomeric human pancreatic RNase, de-
void of any biological activity other than its RNA degrading
ability, was engineered into a dimeric protein with a cytotoxic
action on mouse and human tumor cells, but lacking any
appreciable toxicity on mouse and human normal cells. This
dimeric variant of human pancreas RNase selectively sensi-
tizes to apoptotic death cells derived from a human thyroid
tumor. Because of its selectivity for tumor cells, and because
of its human origin, this protein represents a potentially very
attractive, novel tool for anticancer therapy.

Among the RNases with bioactions other than their catalytic
action (1) are seminal RNase from bull semen (BS-RNase) and
Onconase from frog eggs, both endowed with a strong anti-
tumor activity (2). Onconase is currently being tested in Phase
IIT clinical trials (3). The cytotoxic action of BS-RNase is
highly selective for malignant cells, and has been established in
both in vitro and in vivo experiments (4-8). Some of the key
steps of its mechanism of action have been elucidated (7, 9).
The protein is concentrated on the extracellular matrix, is
internalized by nonreceptor mediated endocytosis, and
reaches the cytosol, where it selectively degrades ribosomal
RNA and blocks protein synthesis, thus causing cell death. The
cytosolic destination is reached, and cytotoxicity is exerted,
only on malignant cells.

The antitumor activity of BS-RNase depends on its dimeric
structure (5). BS-RNase is in fact the only dimeric RNase from
the pancreatic-like RNase superfamily. Its identical subunits
are linked by two adjacent intersubunit disulfides, involving
cysteine-31 and -32 of each subunit, and are noncovalently
associated through a small hydrophobic patch comprising
Leu-28 and Met-29 of each subunit (10).

By protein engineering, RNase A, a classic monomeric
protein, was transformed into a dimeric protein endowed with
antitumor activity (11). This was achieved by the replacement
of residues at positions 19, 28, 31, and 32 of RNase A chain with
the corresponding residues of the BS-RNase subunit: i.e., a
proline, a leucine, and two cysteines, respectively (11, 12).
Thus, these residues were identified as the sufficient require-
ments for a monomeric RNase to be converted into a stable
and biologically active dimer.

On the basis of these results, the project was conceived to
transfer to a human RNase the key structural and functional
determinants of BS-RNase antitumor action. Human pancreas
RNase (HP-RNase) (13, 14), amonomeric RNase for which no
special biological actions have been reported besides its RNA
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degrading ability, with >70% of its amino acid sequence
identical to that of BS-RNase, was considered a logical can-
didate to reshape a human RNase into a BS-RNase-like
dimeric RNase.

Here, we report the construction and characterization of a
dimeric variant of HP-RNase, obtained by replacing four of its
amino acid residues with the corresponding residues from
BS-RNase sequence. This allowed the grafting of the inter-
subunit interface of BS-RNase on the human RNase, thus
allowing its dimerization. The engineered dimeric protein,
named HHP-RNase, was found to be enzymatically active and
selectively cytotoxic for several malignant mouse and human
cell lines.

MATERIALS AND METHODS

BS-RNase was purified from seminal vesicles as described (15,
16). Escherichia coli strain BL21 (DE3) pLysS and expression
vector pET22b* were provided by AMS Biotechnology (Mi-
lan); E. coli JM 101 strain was from Boehringer Mannheim;
restriction enzymes were from Promega. Recombinant wild-
type HP-RNase was a gift of A. Di Donato (University of
Naples Federico II).

Site-Directed Mutagenesis. The cDNA coding for HP-
RNase (17), cloned in the BamHI/Sall cloning sites of a
pUCI118 vector, was mutated according to Kunkel (18) by
using appropriate oligonucleotides synthesized by Beckman
Analytical. In a first step, by using oligonucleotides 5'-CAG-
GTCGGAAGGGTATACTTTCTTAGATCTCGATTTT-3’
and 5'-TTAAGGTCGCAGTTGTGTAGCTGAGACTGA-
G-3' as primers, a Ndel site was inserted immediately upstream
of the Lys-1 codon, and an Ndel site, positioned within the
coding region (nucleotides 34-39, starting from Lys-1 codon)
was eliminated, without altering the amino acid sequence. In
a second step, four residues were mutated as follows: Leu-28
for Gln, Cys-31 and Cys-32 for Arg, and Lys-34 for Asn, by
using the oligonucleotide 5'-CGACCTTGGGTCATTT-
TACGGCAGCACATCATCAGGTTGCAGTACGTA-3" as
a primer. After each mutation step, the coding region within
each recombinant plasmid, obtained from transformed JM 101
cells, was fully sequenced (19). The 407-bp Ndel/HindIII
fragment, containing the entire coding sequence, then was
cloned in the same sites of the expression vector pET22b". The
resulting plasmid was used to transform E. coli BL21 (DE3)
pLysS competent cells.

Protein Expression and Purification. The recombinant pro-
tein was expressed by a single colony of freshly transformed

Abbreviations: BS-RNase, bull semen RNase; HP-RNase, human
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cells, as described (20). The cell pellet from 1 liter of bacterial
culture was resuspended in 40 ml of 0.1 M Tris-HCI, at pH 8,
containing 5 mM Na,EDTA (sodium EDTA) and was incu-
bated for 1.5 h at 4°C with 200 wg/ml lysozyme (Sigma). The
inclusion bodies were isolated by centrifugation, followed by
their resuspension by sonication in 20 ml of Tris buffer (see
above), containing 2% Triton X-100 and 2 M urea. This
procedure was repeated three times. The recombinant protein
then was solubilized in 6 M guanidine-HCI in Tris buffer
containing 0.1 M glutathione. After 2.5 h at room temperature,
the sample was diluted with 20 volumes of 0.1 M Tris-acetate,
at pH 8.4, containing 0.5 M L-arginine and was allowed to
reoxidize at room temperature for 24 h in the presence of 1
mM oxidized glutathione. The protein then was concentrated
by ultrafiltration to 30 ml, was dialyzed against 0.1 M Tris-HCI,
at pH 8.4, containing 0.3 M NaCl, and was purified by
gel-filtration chromatography on a HiLoad 26/60 Superdex 75
column (Amersham Pharmacia) equilibrated in the same
buffer. More than 85% of the protein, named LCCK-HP-
RNase, ecluted as a monomer with mixed disulfides with
glutathione moieties (12). Protein concentration was deter-
mined by amino acid analyses. The calculated extinction
coefficient at 278 nm (1 mg/ml) was 0.57. The selective
reduction of the mixed disulfides with a 10:1 molar excess of
DTT, followed by dialysis to remove side products, allowed the
spontaneous reoxidation of a dimeric protein. This was iso-
lated by gel-filtration as described above and was purified
further to homogeneity by RP-HPLC on a C,4 column (Vydac,
Hesperia, CA, 0.46 X 25 cm, 5-um particles), equilibrated in
0.1% trifluoroacetic acid containing 15% acetonitrile. The
protein was obtained by isocratic elution with 0.1% trifluoro-
acetic acid containing 24% acetonitrile at a flow rate of 1
ml/min. The removal of the Met™! residue was performed by
the use of Aeromonas proteolytica aminopeptidase (Sigma), in
the conditions previously described (21), except for the pres-
ence in the incubation buffer of 0.3 M NaCl, necessary for the
stability of the protein.

Cytotoxicity Assays. Murine fibroblasts (BALB/c 3T3 cell
line) and their counterpart obtained by transformation with
SV40 (SVT2 cell line) were purchased from the American
Type Culture Collection. The other cell lines were obtained as
gifts or were prepared in the authors’ laboratories as described
in the references. The cell lines used were from the following
tumors, respectively: SJRH 30, rhabdosarcoma (22); UFK-
NB-3, neuroblastoma (23); D-283, medulloblastoma (24);
U-373, glioblastoma (25); Hep2, laryngeal carcinoma (26);
PBF-M-1, melanoblastoma (8). TPC-1 (27) and NPA (28) cells
were derived from two human papillary thyroid carcinomas.
Both cell lines, as well as the diploid human fibroblast cell line
[human diploid fibroblasts (HDF)] (29), were kindly provided
by Alfredo Fusco (University of Catanzaro, Italy). SJRH 30,
NPA, and TPC-1 cells were cultured in RPMI medium 1640;
UFK-NB-3, D-283, and U-373 cells were cultured in Iscove’s
Modified Dulbecco’s medium; the other cell lines were cul-
tured in DMEM medium. Media were supplemented with 10%
fetal calf serum (GIBCO/BRL), 50 units/ml penicillin, and 50
pg/ml streptomycin (Sigma). The assays on murine and human
fibroblasts, and on thyroid human cell lines, were performed
as described (6, 7). In brief, murine fibroblasts were plated in
the presence or in the absence of the RNase under test, and
growth curves and dose-response curves were determined by
counting the cells that survived treatment at suitable time
intervals. In the assays with human fibroblasts and thyroid
tumor cells, the protein under test was added after 24 h of
growth. Cell counts were determined in triplicate, and cells
were routinely checked by the Trypan Blue exclusion test. In
the assays with human tumor cell lines SRJH 30, UFK-NB-3,
U 373, D-283, PBF-M-1, and Hep2, cells were seeded in
96-well plates (1 X 10*/well in 100 ul of medium) and were
incubated for 7 days at 37°C in the presence or absence of the
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RNase under test (0.4-200 pg/ml). Protein cytotoxicity was
evaluated by the methyl tetrazolium bromide test (30). Dose—
response curves were obtained by measuring in quadruplicate
the percent of cell survival in the presence of the protein with
respect to control cultures, grown in the absence of the protein.

For apoptotic analyses, 10* human malignant thyroid cells
(NPA) or human normal fibroblasts (HDF) were plated in
quadruplicate on different cover glasses inserted in separate
wells of a 24-well plate; 24 h after plating, HHP-RNase (25
wng/ml) was added. After 72 h of treatment, the medium was
removed, and the cells were fixed for 20 min in 3.7% formal-
dehyde and were washed and permeabilized for 5 min in 0.1%
Triton. The cells then were washed with PBS and were stained
for 30 min with Hoechst 33342 immunofluorescent reagent
(Sigma) at a concentration of 0.5 pug/ml in PBS. The stained
cells were observed under a Zeiss Axiophot microscope and
were photographed.

Other Methods. RNase activity on yeast RNA was assayed
according to Kunitz (31). SDS/PAGE analyses were carried
out as described (32). Protein sequence determinations were
performed by using an Applied Biosystems sequencer, model
473A; amino acid analyses were done with a System Gold
(Beckman) automated analyzer; and matrix-assisted laser de-
sorption ionization mass spectra were done with a Voyager DE
spectrometer (PerSeptive Biosystems, Framingham, MA).

RESULTS

Construction and Characterization of a Dimeric Mutant of
HP-RNase. The amino acid sequences of HP-RNase and
BS-RNase are >70% identical, with 34 substitutions (Fig. 1).
Four of these are located in a helical segment (helix-11I, residues
24-34) that is connected to the N-terminal a-helix (residues
3-13) by a hinge loop (residues 16-22). In BS-RNase, the
intersubunit interface is constituted by the helix-II segments of
the two subunits (10). Hence, helix-Il of HP-RNase was
engineered to reproduce helix-IT of BS-RNase by replacing the
four different residues (GIn-28, Arg-31 and -32, and Asn-34)
with those present at identical positions in BS-RNase. These
included the two adjacent Cys residues for the two intersubunit
disulfides and the Leu residue for a crucial hydrophobic
interaction, both typical of the intersubunit interface of BS-
RNase.

On the basis of these considerations, a synthetic cDNA (17),
coding for HP-RNase and cloned in a pUC118 vector, was
mutated as programmed and was expressed in E. coli as

10 20 30
HP-RNase KESRAKK FQRQHMDSDS SPSSSSTYCN QMM

BS-RNase A A E GN N

40 50 60
HP-RNase RRRNMTQGRCKPVNTFVHEPLVDYV QNVCFQ

BS-RNase m K S A KA S

70 80 90
HP-RNase EKVTCKNGQGNCYKSNSSMHITD CRLTNGS
BS-RNase K T Q K T R E GS

100 110 120

HP-RNase RY PNCAYRTSPKERHIIVACEG SPYVPVHF
BS-RNase K K TQV K G K 8

HP-RNase DASVEDST
BS-RNase -

Fic.1. Comparison of the amino acid sequence of human pancreas
RNase (HP-RNase) with that of bovine seminal RNase (BS-RNase).
For the latter, only the differences are indicated. Evidenced with a
black background are the four BS-RNase residues grafted in the
HP-RNase sequence to construct the dimeric mutant.
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described in Materials and Methods. A molecular mass of ~14
kDa was determined by SDS/PAGE for the recombinant
protein. This was the major species in the bacterial cell extract
prepared from cells transformed with the recombinant vector
carrying the mutant HP-RNase cDNA (data not shown).
The mutant protein, sequestered in the inclusion bodies, was
solubilized by a denaturing treatment and then was refolded in
the presence of a glutathione/oxidized glutathione mixture.
Gel-filtration chromatography, amino acid analyses, assays for
the enzymatic activity, and SDS/PAGE analyses (see Fig. 2)
indicated that the HP-RNase tetramutant (LCCK-HP-RNase)
was a homogeneous, enzymatically active, monomeric deriv-
ative in which the two cysteines at positions 31 and 32 were
linked through mixed disulfides with glutathione moieties.
To obtain the dimeric form of the HP-RNase mutant, the
mixed disulfides of the monomeric form were selectively
reduced with DTT. The removal of the glutathione moieties
allowed the protein to dimerize through the formation of
intersubunit disulfide bridges between the exposed sulfydryl
groups (20). The dimerized protein, indicated as HHP-RNase,
was isolated by gel-filtration chromatography and was purified
to homogeneity by RP-HPLC. The mass spectrometric analysis
of the final product revealed that it was a homogeneous protein
with a molecular mass of 28,716.7 Da, a value close to that
expected for a dimeric HP-RNase (28,712 Da). The SDS/
PAGE analysis under reducing conditions indicated that the
protein migrated as a monomer, as expected for a dimer whose
subunits are held together by intersubunit disulfides (Fig. 2).
Its N-terminal sequence was that of wild-type HP-RNase,
preceded by a methionine residue (Met™!), which was removed
by treatment with an aminopeptidase (see Materials and
Methods). When assayed on yeast RNA as a substrate, the
specific activity of HHP-RNase was ~20 Kunitz units/mg of
protein, comparable to that of native wild-type HP-RNase.
The Selective Cytotoxic Action of HHP-RNase. The cyto-
toxicity of HHP-RNase was tested on malignant SVT2 murine
fibroblasts (BALB/c 3T3 cells transformed by SV40 virus).
Growth curves were determined in the presence or in the
absence of HHP-RNase, BS-RNase as a positive control, and
HP-RNase as a negative control. Percent of cell survival was
calculated from each curve obtained in the presence of the
RNase being tested at 50 pg/ml, taking as 100% the cell
survival in the absence of added RNases. Dimeric HHP-RNase
was found to be a strong inhibitor of malignant fibroblast
growth (see Fig. 34). Although the effect was less pronounced
than that of BS-RNase, it was highly selective for malignant
cells, as the protein was found to be thoroughly inactive toward
the parent nonmalignant line of 3T3 fibroblasts tested in the
same experiment (Fig. 34). Wild-type monomeric HP-RNase

1 2 3 4
27.2kDa —b | - —
13.6 kDa—b» | w = -

FiG. 2. SDS/PAGE electrophoresis on a 15% polyacrylamide gel
of the monomeric and dimeric HP-RNase variants. Lanes: 1, dimeric
BS-RNase and monomeric RNase A; 2, monomeric LCCK-HP-
RNase; 3 and 4, dimeric HHP-RNase, analyzed under nonreducing
(lane 3) and reducing (lane 4) conditions.
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Fic. 3. Effects of dimeric HHP-RNase on murine fibroblasts.
Malignant SVT?2 fibroblasts (closed symbols) or normal 3T3 fibro-
blasts (open symbols) were grown in the absence or in the presence of
HHP-RNase (squares), BS-RNase (circles), monomeric LCCK-HP-
RNase (triangles), or wild-type HP-RNase (rhombs). Cell survival
values (means of triplicates) are expressed as percent of the corre-
sponding values obtained in control cultures grown in the absence of
protein. (4) Cell survival in the presence or in the absence of 50 pg/ml
RNase. (B) Dose-response curves after 48 h of incubation.

had no effect on the growth of any of the cell lines tested (data
not shown).

These results were confirmed by dose-response curves,
shown in Fig. 3B. HHP-RNase, as well as BS-RNase, was
strongly and selectively cytotoxic for malignant fibroblasts,
incubated 48 h with increasing amounts of protein, whereas
wild-type HP-RNase and monomeric LCCK-HP-RNase were
ineffective. The 1Csy value calculated for HHP-RNase, and
defined as the protein concentration corresponding to 50% of
cell growth inhibition, was 30 wg/ml, comparable to that
measured for BS-RNase (21 ug/ml).

The N-terminal Lys-1, as in the native protein, was essential
for the antitumor action of HHP-RNase, as the recombinant
protein was found to be inactive when tested before treatment
with aminopeptidase to remove Met ™! (data not shown). Also,
the dimeric structure was found to be essential for the cyto-
toxic activity of the RNase, as monomeric LCCK-HP-RNase,
even after removal of its Met~! residue, did not affect cell
survival (Fig. 3B).

An investigation on the nature of the adverse effects of
HHP-RNase on malignant cell cultures was carried out with
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the sensitive 3T3-SVT?2 cell line. By the Trypan Blue exclusion
test, it was found that the effect of HHP-RNase on malignant
cells was cytotoxic rather than cytostatic. Only ~30% of the
originally plated cells were recovered as viable cells after 72 h
of culture in the presence of 20 ug/ml of HHP-RNase. The
number of viable cells decreased to 10% of the plated cells
when the concentration of the RNase was increased to 100
pg/ml.

The effects of HHP-RNase also were tested on a series of
human tumor cells, derived from tumors of different origin, by
determining dose-response curves in which the effect of
HHP-RNase (0.4-200 pg/ml) was measured on cell survival.
The results, expressed as ICsg values, are summarized in Table
1 and compared with the values obtained with seminal RNase
tested under the same conditions on the same cell lines.

The results obtained indicate that the stably dimeric deriv-
ative of human RNase is highly cytotoxic for all of the tumor
cells tested, although with varying degrees of cytotoxicity.
Comparison with the antitumor activity of BS-RNase revealed
that dimeric HHP-RNase is as effective as BS-RNase on
certain cell lines (from rhabdomyosarcoma and medulloblas-
toma), even more active on melanoblastoma cells, and less
active on others (from neuroblastoma, glioblastoma, and la-
ryngeal carcinoma). RNase A and monomeric wild-type HP-
RNase, tested in the same experiments, had no effects on any
of the tumor cell lines tested (data not shown).

The selectivity for malignant cells of the cytotoxic action of
HHP-RNase was tested also for human cells by using normal
fibroblasts and thyroid tumor cells. The protein had no effect
on normal human diploid fibroblasts (see Fig. 4) but had an
evident cytotoxic effect on cells derived from thyroid papillary
carcinomas. Moreover, there was a clear correlation between
the degree of malignancy of a cell line and its sensitivity to the
cytotoxic effect of HHP-RNase. TPC-1 and NPA cells, both of
which are derived from human papillary thyroid carcinomas,
behave differently, in that the TPC-1 cell line displays a rather
benign phenotype compared with the NPA cell line (33). We
found that TPC-1 cells were only mildly affected by HHP-
RNase whereas NPA cells were killed even by low concentra-
tions of the protein.

To inspect the nature of cell death induced by HHP-RNase
on tumor cells, both a malignant and a normal cell line were
treated with the protein and were analyzed for apoptosis. No
differences were appreciated for HDFs between untreated or
treated (for 72 h with 25 pg/ml of HHP-RNase) cells, thus
confirming that the enzyme has no detectable effect on normal
cells (see Fig. 5 4 and B). On the contrary, a clear induction
of apoptosis by HHP-RNase was appreciable in treated thyroid
tumor NPA cells, with nuclei condensation and fragmentation
(Fig. 5D) whereas no signs of apoptosis were detectable in
untreated cells (Fig. 5C). In the inset of Fig. 5D, a magnifi-
cation of apoptotic bodies is shown. A quantitative estimate of
the extent of apoptosis gave values ranging from 20 to 27% of
apoptotic cells after 72 h of culture in the presence of 25 ug/ml

Table 1. Cytotoxic effect of dimeric HHP-RNase on human
tumor cells

1Cso, pg/ml
Tumor Cell line HHP-RNase BS-RNase
Rhabdomyosarcoma SJRH 30 2.0 2.3
Neuroblastoma UFK-NB-3 2.6 0.4
Medulloblastoma D-283 17.9 14.3
Glioblastoma U 373 33.6 7.1
Melanoblastoma PBF-M-1 38.9 54.8
Laryngeal carcinoma Hep2 85.7 35.7

The ICs values represent the protein concentrations that produce
50% of the total cytotoxic effect, measured for each cell line in a
dose-response curve with a range of protein concentration of 0.4-200

pg/ml.
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FiG. 4. Effects of dimeric HHP-RNase on normal HDFs (open
squares), human papillary thyroid carcinoma cells TPC-1 (closed
squares), and NPA (closed rhombs). Cell survival values, expressed as
in Fig. 3, were calculated after 72 h of treatment.

of HHP-RNase. A similar degree of apoptotic cell death was
observed for NPA cells treated with HHP-RNase under the
same conditions when different techniques such as DNA
laddering or flow cytometric analyses were used (data not
shown).

DISCUSSION

The results reported here indicate that the selective cytotox-
icity of BS-RNase toward malignant cells can be transferred to
a monomeric, noncytotoxic RNase of human origin by con-
verting monomeric human pancreatic RNase into a dimeric
enzyme. This was achieved through the substitution of a few of
its residues with the corresponding key residues of BS-RNase,
a homologous dimeric antitumor protein (12).

The residues of BS-RNase found to be determinant for its
dimeric structure—hence, its selective cytotoxicity—are Pro-
19, Leu-28, and Cys-31 and Cys-32 (11, 12, 34). They are
respectively responsible for (i) determining the correct con-
formations in the peptide loop connecting the N-terminal
a-helix to the main subunit body (10, 35); (if) a hydrophobic
interaction between the two subunits; and (iii) the formation
of the two intersubunit disulfides.

Because a proline residue is already present at position 19
of wild-type HP-RNase, the engineering of the mutant was
confined to the putative intesubunit interface of the pro-
grammed dimer. In this region, the HP-RNase sequence
differs from that of BS-RNase at four positions (see Fig. 1).
Three (GIn-28, and Arg-31 and -32) were mutated to insert the
structural determinants indicated above as essential for the
antitumor action of BS-RNase. The fourth mutation (a Lys for
Asn-34) was inserted to endow the mutant with an interface
identical with that of BS-RNase and to increase the positive net
charge at a position adjacent to the intersubunit disulfides.
This has been shown to increase reactivity of adjacent disul-
fides (36).

The effects on cell growth of HHP-RNase first were tested
by an assay system with a built-in control: i.e., the same cell line
before and after malignant transformation. The dimer exerted
a severe cytotoxic action on malignant cells and had no effects
on normal cells. The selectivity of HHP-RNase cytotoxic
action was also evident when normal human fibroblasts, and
cell lines derived from thyroid tumors with different degrees
of malignancy, were tested. When the nature of cell death was
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F1G. 5. Tumor cells sensitized to apoptosis by HHP-RNase. HDFs and human thyroid tumor (NPA) cells were grown, were exposed for 72 h
to HHP-RNase (25 ng/ml), and were fixed and stained with Hoechst immunofluorescent reagent. (4) Untreated HDF cells. (B) HDF cells exposed
to HHP-RNase. (C) Untreated NPA cells. (D) NPA cells exposed to HHP-RNase. The inset shows a fragmented and condensed apoptotic nucleus

from an NPA treated cell. (A-D, X360; D Inset, X2,400.)

tested on the most responsive cell line (NPA), evident symp-
toms of apoptotic cell death were evidenced whereas for
normal fibroblasts, no effects were detected. Furthermore, a
series of malignant cell lines derived from human tumors of
different histogenesis were all inhibited in their growth by
HHP-RNase, although with varying degrees of sensitivity.

Two structural requirements appear to be crucial for the
antitumor action of dimeric human RNase: its dimeric struc-
ture and the availability of its original N terminus. In fact, (i)
monomeric wild-type HP-RNase, as well as the monomeric
mutant LCCK-HP-RNase, which carries two molecules of
glutathione linked at Cys-31 and -32, were totally ineffective on
tumor cells, and (i) the removal of the methionine residue at
position —1 was found to be essential for HHP-RNase anti-
tumor action. It should be noted that also recombinant onco-
nase has no antitumor activity when the N terminus is not the
original pyroglutamate (37). These results may suggest that the
N termini of these antitumor RNases are involved in the
molecular interactions that eventually lead to cell death.

The molecular mechanistic bases are not clear for the
cytotoxic action of HHP-RNase nor for its selective action on
tumor cells. But then those for the very similar antitumor
action of BS-RNase still remain unclear, even after intense
scrutiny by different laboratories (5, 7, 9, 38). Here, we report
that the action of an antitumor RNase on malignant cells is
based on induction of apoptosis. This finding may help to
design new experimental approaches to elucidate the mecha-
nism of antitumor action of dimeric RNases.

This report on the construction from a human protein of a
cytotoxic agent selective for malignant cells may have a special
interest. The only RNase to have entered clinical trials so far
with cancer patients is Onconase, an RNase from amphibia
(3). Onconase has been found to be well tolerated by Phase I

patients, compared with most chemotherapeutic agents (39).
However, we may presume that a human protein should be
decisively less toxic, and much less immunogenic, if at all,
compared with an amphibian protein.
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